The formation of nanocrystalline structure (NS) in steels by various severe plastic deformation processes, such as ball milling, a ball drop test, particle impact deformation and air blast shot peening are demonstrated. Layered or equiaxed nanograined region appeared near the specimen surface and dislocated cell structured region appeared interior of specimens. These regions are separated with clearly defined boundaries. The deformation induced nanograined regions have the following common specific characteristics: 1) with grains smaller than 100 nm and low dislocation density interior of grains, 2) extremely high hardness, 3) dissolution of cementite when it exist and 4) no recrystallization and slow grain growth by annealing. The deformation conditions to produce NS was discussed based on the available data in literatures. It was suggested that the most important condition is to impose a strain larger than about 7. High strain rates, low deformation temperature, multidirectional deformation, hydrostatic pressure are considered to be favorable conditions to produce NS. Introducing alloying elements, precipitates and second phase also enhance nanocrystallization by suppressing recovery. The mechanisms of the formation of sharply defined boundaries which separate nanograined structure region from dislocated cell structured region were discussed with respect to impurities, martensitic transformation and deformation. It was suggested several mechanisms may operate simultaneously in the formation of the clear boundaries.
Introduction
Large efforts have been devoted to refine grains of materials since it enhances both strength and toughness. Figure 1 shows various processes to produce fine grained materials of respective grain size ranges. In steel industry, thermomechanical control processing (TMCP), 1) which consists of controlled hot rolling and accelerated cooling, has been developed to produce fine grained materials with grain size down to around 5 mm. In order to obtain the finer grains up to 1 mm extended TMCP processes have been developed. 2) In such processes, diffusional transformation and/or recrystallization were mainly utilized to refine grains. In the conventional deformation processes such as rolling, drawing, extrusion, further refinement of grains to less than 1 mm is quite difficult since the final product size limits the maximum amount of strain introduced. To eliminate the strain limit arising from the materials size reduction, new deformation processes such as Equal channel angular pressing (ECAP) [3] [4] [5] or accumulative roll bonding (ARB) 6, 7) have been developed.
In ECAP process, pure shear deformation is repeatedly imposed in materials without changing the cross-sectional dimensions of the workpiece. Bulk rod-like specimens with submicron size grains has been obtained. In ARB, two pieces of sheet specimen were stacked and rolled to 50% reduction. The obtained roll-bonded sheet was cut into half length and repeated such procedure by several cycles. Bulk sheet form specimens with submicron grains has been obtained. To obtain nanograined materials (grain size smaller than 100 nm), various methods such as consolidation of ultrafine powders, 8) electron beam deposition, 9) electrodeposition, 10) crystallization of amorphous phase, 11) severe plastic deformation [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] etc. have been developed. Figure 2 shows representative severe plastic deformation processes to produce nanocrystalline structure (NS): ball milling, [12] [13] [14] [15] high pressure torsion, 16, 17) sliding wear, 18) a ball drop test, 19, 20) ultrasonic shot peening 21) and air blast shot peening. [22] [23] [24] Figure 3 shows the reported Vicker's hardness ranges of various pure metals (includes specimens with a small amount of alloying elements) of nanometer sized grain (smaller than 100 nm, called nanograin hereafter) produced by various methods. 25, 26) In the figure theoretically estimated hardness of selected grain sizes are also shown. The theoretical hardness value was calculated from Hall-Petch relationship using the equation HV ¼ HV 0 þ 1:5ðb=dÞ 1=2 (where is the shear modulus, b the Bergers vector and d the grain diameter). As is seen, the reported hardness of Al, Ti, Ni and Fe exceed the expected hardness of respective metals with 100 nm grain size except Cu.
In the present review the microstructure evolutions in steels by ball milling, a ball drop test, particle impact test and air blast shot peening are presented. Focusing on iron and steels, previous studies on the microstructural evolution during heavy deformation were reviewed. The amount of strain, strain rate and other favorable conditions to produce NS are discussed. Shingu et al. 12) in Al-Fe composite. Nanograined pure iron was first produced by Jang and Koch. 13) Using ball milling, they obtained nanometer sized grains down to 6 nm and Vicker's hardness up to 10 GPa. Grain refinement by ball milling to nano-meter range has been reported in various pure metals with bcc and hcp 14) and fcc 15) crystal structures. Figure 4 shows SEM micrographs of the ball milled Fe-0.1C (in mass% hereafter) martensite with initial hardness of 3.2 GPa. From the full view of the cross section of a powder ( Fig. 4(a) ) two distinct regions are recognized. One is the dark uniform contrast region with several tens of mm thick observed near the surface of a powder and the another is the bright contrast region observed interior of the powder with deformed martensite morphology. The hardness of dark contrast region (8.8 GPa) is much higher than that of bright contrast region (3.9 GPa) as shown in Fig. 4 (b) . The bright contrast region is in the conventinal work hardened state since the hardness of 3.9 GPa corresponds to that of same materials after 70% cold rolled. The boundaries between these two types of regions are clear and sharp. There is no intermediate structure between these two regions. The TEM observation of ball milled samples of various compositions (some are shown below) revealed that the dark contrast area corresponds to nanograined structured region and the bright contrast area corresponds to dislocated cell structured region, respectively. These two types of structures were observed in all the ball milled carbon steels irrespective of the carbon content (0 $ 0:9 mass%C) or starting microstructure (ferrite, martensite, pearlite or spheroidite). Figure 5 shows the hardness distribution (measured by dynamic ultramicrohardness tester) across the two regions in ball milled pure iron. A drastic change in hardness from 7 to 3 GPa at the boundary of Figure 6 shows the area around the boundary of two regions in the Fe-0.004C alloy. The layered nanocrystalline structure with an average thickness of about 100 nm (right hand side) and dislocated cell structure (left hand side) are seen. These two regions are separated with sharp boundary and there is no transition region. Figure 7 shows a high magnification of the layered nanostructure. It is seen that layered nanostructure consists of elongated grains with sharp grain boundaries. From the high resolution TEM observation, it was confirmed that deformation induced grain boundaries are high angle boundaries and contain many steps and facets. 27, 28) Figure 8 27) shows the layered nanostructure in ball milled Fe-0.89C alloy with spheroidite structure. The thickness of the layers is around 20 nm which is much smaller than that of pure iron. The layers are subdivided into small grains as seen with different contrast. After milled for a long time uniformly distributed fine grains about 5-10 nm are produced (Fig. 9 ). These nanograins are randomly orientation as is seen from the continuous diffraction rings (Fig. 9) . These observations suggest that randomly oriented equiaxed nanograins are produced by the subdivision of layers and rotation of divided regions. The diffuse contrast of equiaxed nanograin boundaries suggesting that they are highly disordered. Figure 10 29) shows the hardness of NS and dislocated cell structured regions in ball milled powders as a function of carbon content. The hardness of both regions increases with carbon content. In the nanocrystalline region, the grain size decreased with carbon content. The increase in hardness with carbon content is considered to be mainly due to the decrease in grain size and partly due to the solution hardening of carbon. In the figure the hardness of as quenched martensite 30) is shown for comparison. It should be noted that the hardness of nanograined region is about 4 GPa higher than its martensite counterpart.
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Nanocrystallization by a ball drop test
NS can be produced near the surface of specimens after one or several times of a ball (weight attached) drops. Figure 11 19, 31) shows the cross section of the specimen (pearlite structure) deformed by 8 times of ball drops (a weight of 4 kg and a height of 1 m). A dark smooth contrast layer with a thickness of about 15 mm is seen near the surface of the indentation crater. The layer appears at top surface along the edge of crater and appears about 100 mm below the surface at the bottom of the crater. Figure 12 shows a typical dark contrast layer formed in Fe-0.80C specimen with pearlite ( Fig. 12(a) ) and spheroidite ( Fig. 12(b) ) structures, respectively. In the dark contrast layer the lamellar structure in pearlite or spherical cementite in spheroidite were disappeared. The microhardness of the dark contrast layer is 10.1 GPa in pearlite and 8.4 GPa in spheroidite, respectively. Those are much higher than the adjacent region with deformed structure (5.8 and 3.6 GPa, respectively). The microhardness and microstructure observed in the dark contrast layers produced by a ball drop test are similar to those observed in ball milled counterparts. Figure 13 31) show TEM bright and dark field (DF) image and the selected area Nanocrystallization of Steels by Severe Plastic Deformationdiffraction (SAD) pattern taken from the dark contrast region of Fe-0.80C specimen with pearlite structure deformed by ball drop test (8 times, 5 kg, 1 m). The TEM DF image shows that the ferrite grain size is about 100 nm and this proves that the dark contrast layer is NS although the grain size is larger than that produced by a long time ball milling. All the diffraction rings in Fig. 13 (b) correspond to bcc ferrite, and rings corresponding to cementite are hardly detected. This indicates that cementite is mostly dissolved into ferrite. The SAD pattern taken from the area of 1.2 mm shows nearly continuous rings, indicating the random orientations of the ferrite grains. The amount of strain and strain rate to produce the nanocrystalline layer in a ball drop test were estimated using observed shear bands. Figure 14 19) shows the shear band produced by one time ball trop (5 kg, 1 m) in a pearlitic specimen pre-strained 80% by rolling. From the hardness of the shear band (7.4 GPa), this area was considered as nanostructured region. From the shear angle ( ¼ 7 degrees) in the picture, the amount of shear strain, can be calculated from ¼ 1= tan as 8.1 (4.7 in equivalent strain). Taking the pre-strain of 80% rolling reduction (1.9 in true strain) and the uniform 52% thickness reduction (0.7 in true strain) by a ball drop deformation into account, the total true strain of the layer was calculated to be 7.3. This is considered to be the minimum amount of strain to produce NS from the hardness of the shear band. The strain rate was estimated to be around The number of ball drops necessary to produce nanocrystalline layer depends on the composition, microstructure and temperature of specimens, and ball drop conditions (weight and height). The number of ball drops is less for harder samples and in higher energy ball drop tests (larger weight and height). Pre-strain of specimen also reduces the number of ball drops. Low processing temperature reduces the number of ball drops to produce nanocrystalline layer or increase the thickness of the nanocrystalline layer if other conditions are being equal. Figures 15 (a) and (b) are SEM micrographs of Fe-0.80C specimen (pearlite structure) after a ball drop test (8 times, 5 kg, 1 m) at R.T. and LN 2 temperature, respectively. It can be seen that under the same ball drop condition the thickness of nanocrystalline surface layer is larger at LN 2 temperature (30 mm) than that at R.T. (15 mm).
Particle impact experiment
In a particle impact experiment, a hard steel ball of 4 mm was accelerated by high pressure gas and it impact specimen surface with a speed of 120 m/s. Nanocrystalline region appears as thin layers near specimen surface after several times of particle impacts. Figure 16 shows a typical nanocrystalline layers formed in pearlitic Fe-0.80C specimen after 8 times of particle impacts at LN 2 temperature. The specimen was pre-strained by cold rolling (82%) to enhance nanocrystallization. The dark contrast layer of several 10 mm thickness observed on the top surface was confirmed as nanocrystalline regions by TEM observation. The microhardness of the nanocrystalline region (9.7 GPa) is substantially higher than the subsurface region with deformed structure (4.5 GPa). It was noticed that the microhardness and microstructure of nanocrystalline region produced by particle impact deformation are similar to those observed in specimens after a ball drop test although the layer thickness is slightly thinner. Figure 17 shows a cross sectional SEM micrograph of Fe-0.05C-1.29Mn high tensile strength steel (ferrite structure) after shot peened for 10 s (coverage of 1000%). Again, two distinctive regions can be seen. One is the smooth contrast (nanocrystalline) region near surface with the hardness of 6.8 GPa. Another is the deformed structured region observed at subsurface with the hardness of 2.6 GPa. Figure 18 shows cross section of near surface area of shot peened Fe-0.8C specimen (spheroidite structure pre-strained 84% by cold rolling) after shot peening. Nanocrystalline layer with 5 mm thickness is produced at the top surface. Before shot peening, the spherical cementite particles with diameter about 0.5 mm were uniformly distributed in the ferrite matrix. After shot peening, cementite particles are not visible in the nanocrystalline surface layer. This indicating that the dissolution of cementite takes place in the nanocrystalline layer similar to that observed in ball milled or ball dropped specimens. Figure 19 (a) shows nanocrystalline region formed in Fe-3.29Si specimen by 10 s of shot peening (coverage of 1000%). The sharp boundaries are seen between the top surface nanocrystalline layer and subsurface deformed structured region. Figure 19(b) is the TEM dark field (DF) image and selected area diffraction (SAD) pattern of the top surface region of Fe-3.29Si specimen shot peened for 60 s (coverage 6000%). The DF image shows that the ferrite grain size is less than 20 nm, and the SAD pattern indicates that the ferrite grains are randomly orientated. The production of nanocrystalline surface layer by air blast shot peening has considerable industrial importance since air blast shot peening is a popular process in industries and it can produce nanostructured surface layer with a high productivity. Industrial application of this new technology is expected especially to upgrade the traditional engineering materials.
Air blast shot peening
Annealing Behavior of Nanocrystalline Region
The annealing behaviors of nanograined region are quite different from those of the deformed structured region. Figure 20 shows the microstructural change with annealing temperature (annealed for 3.6 ks) in ball milled pure iron (Fe-0.004C). By annealed at 673 K ( Fig. 20 (a) ), the deformed structured region (lower right) becomes equiaxed grained structure with an average grain size of about 0.5 mm by recrystallization. On the contrary, nanograined structure region showed almost no detectable change (upper left). After annealing at 873 K ( Fig. 20 (b) ), the recrystallized grain size in the deformed structured region become 10 mm. While, the nanograined region remains almost unchanged. By annealing at 1073 K (Fig. 20 (c) ), detectable grain growth to about 0.7 mm occurred in the nanograined region. The change in microhardness of the two regions with annealing temperature is shown in Fig. 21 . 32) Comparing the hardness of two regions at each annealing temperature, it is seen that nanograined region has a higher hardness than that of the deformed structured region in all the annealing temperature range. Nanograined region shows a gradual decrease in hardness while deformed structured region shows sharp softening at around 673 K due to recrystallization.
The above difference in annealing behavior in the two regions can be explained as follows. In the deformed (dislocated cell) structured region, conventional recrystallization takes place due to high dislocation density. While, recrystallization does not occur in the nanograined region since almost no dislocations in the interior of grains. It seems that the grain growth of nanograined region is substantially slower than that in a coarse grained counterpart. The slow grain growth rate has been observed in various nanograined materials and it has been suggested that the low mobility of triple junction is responsible. 33, 34) Similar annealing behaviors were observed in the specimens prepared by different methods. Figure 22 shows the annealed structure of shot peened Fe-0.80C sample shown in Fig. 18 . After annealed at 873 K for 3.6 ks, nanograined region did not show any detectable change while the deformed structured regions below the nanograined region showed recrystallized structure.
Figure 23 24) shows the hardness of nanograined region produced by ball milling before and after annealing (at 873 K for 3.6 ks) as a function of carbon content. It is seen that the hardness of nanograined region decreases by annealing, but keeps high values of 4.5-8 GPa depending on carbon content. In the figure the hardness of tempered martensite 30) (tempered at 813 K) is shown for comparison. It is clear that the hardness of annealed nanograined region is much higher than those of tempered martesite counterparts.
Discussion
4.1 Structural evolution to NS by severe plastic deformation The evolution of microstructure during low temperature (<0:5T m (melting temperature)) severe plastic deformation has been the subject of many investigators. 16, [35] [36] [37] [38] [39] [40] [41] [42] [43] In the deformation at ambient temperature recrystallization during deformation will not take place and recovery is slow. Thus work-hardening continues up to large strains and grains are refined to nanometer range. A general microstructural evolutions at various stages of deformation are as follows. At small strains, original grains are subdivided into cells bounded by dislocation walls (called incident dislocation boundaries (IDBs)) with small misorientation. With increas- Nanocrystallization of Steels by Severe Plastic Deformationing strain, cell size and cell wall width decrease and geometrically necessary boundaries (GNBs) develop. GNBs are boundaries which separate a group of neighboring cells with same slip system (called a cell block) from those with different slip systems. With further increase in strain, the density of GNBs and the misorientation of GNBs increase. Since the deformation induced high angle boundaries thus produce contain high density of dislocations and are distorted elastically, they are called non-equilibrium grain boundaries. 42, 43) The dislocation density inside grains is low in spite of the large strain imposed. 43) When the grains are refined to 10 nm range, the microstructure reaches a steady state since further strains are mainly accommodated by grain boundary sliding. 39) By annealing, the NS produce by severe plastic deformation does not recrystallize and show substantially slow grain growth. [27] [28] [29] The observed microstructural evolution and grain refinement during heavy deformation up to submicron range reported by many workers agree well each other. Regarding grain refinement to nanometer range, there are two types of results. One is continuous or gradual decrease in grain size to nanometer range and another is sudden change in grain size with strain. The first case is typically shown by Hughes and Hansen. 40) They observed the surface layers of the Cu friction samples. The boundary spacing of 12 nm was observed at the top surface. The boundary spacing continuously increases with the depth from 12 nm to 80 nm at 4 mm and several microns at 100-200 mm below the surface. From the morphological similarity observed in friction and rolling, they suggested that same underlying slip and shear mechanisms are controlling the microstructure evolution from grain/cell size of several mm to 10 nm. The latter case is that observed in ball milling, [27] [28] [29] 32) shot peening 24) and wear test. 18, 41) Heilmann et al. 41, 42) observed wear sample treated by block-on-ring sliding test. A surface layer (called transfer layer) with grain size of $3-30 nm was observed. It was suggested that the mixing with counterface material and/or environmental components produces the nanograined transfer layers. The thickness of transfer layers may range from several to tens of mm. The adjacent region consists of subgrains and cells of 0.2-0.4 mm range. The transfer layer and the block materials below it are separated by a sharply defined interface. The formation mechanism of the sharply defined boundaries is discussed below.
Deformation conditions to produce nanocrystalline
structure To optimize the known processes or develop new processes to produce NS, it is important to understand the necessary and favorable conditions to produce NS. The amount of strain, strain rate and other favorable conditions to produce Ns are considered.
Amount of strain
Impose a large strain seem to be the most important condition to produce NS. The reported amount of strain applied to obtain NS (grain size less than 100 nm) varies from 7 to 31 depending on the deformation techniques and materials employed.
The amount of strain can be measured well in drawing and torsion experiments. Langford and Cohen 35) observed microstructure of severely drawn iron wire strained up to " ¼ 6.
After straining to " ¼ 6 the flow stress increased to 1.4 GPa and mean transverse linear-intercept cell sizes reduced to 90 nm. If it is assumed that 1.4 GPa is simply due to grain boundary strengthening, the size of grains (with medium and large misorientation) is estimated to be 260 nm according to the Hall-Petch relationship for iron 32) (i.e., ½GPa ¼ 0:12 þ 20d À1=2 , d in nm). Extrapolating their flow stress vs strain data, the strain which gives the flow stress corresponding to d ¼ 100 nm (2.1 GPa) is estimated to be " ¼ 12.
Tashiro 44) measured the flow stress of drown iron wire strained up to " ¼ 11:5. The flow stress increased linearly with strain and reached 3 GPa at a strain of 11. The flow stress corresponding to d ¼ 100 nm (2.1 GPa) is achieved at " ¼ 7.
Although the grains size of the drown wire was not measured, grain size less than 100 nm is believed to be accomplished. The experiment of high pressure torsion straining in iron was carried out by Valiev et al. 16) Armco iron was subjected to torsion straining up to 10 turns (" ¼ 360) under a pressure of 7 GPa at a strain rate of 0.5 s À1 . They reported that the grain size decreased and hardness increased with increasing strain. After 3 turns (" ¼ 108) the hardness reaches 4.5 GPa and tends to reach a steady state. The grain size about 100 nm was obtained after 5 turns (" ¼ 180) at which the hardness was 4.6 GPa. The microhardness of 4.6 GPa corresponds to the flow stress of 1.53 GPa from the usual approximate relation between microhardness and flow stress, namely Hv ¼ 3. The reported hardness is too low to consider that the size of grains with large misorientation is reduced to 100 nm in their experiment. Similar torsion experiment has been done by Kaibyshev et al. 17) in Fe-3%Si under the pressure of 9 GPa. After straining to " ¼ 31 (0.5 turn), grains are reduced to 120-200 nm and the microhardness increased to 7.2 GPa. From the obtained microhardness it can be considered that the grain size less than 100 nm was achieved. The hardness measured was 3.6 GPa at " ¼ 4:3 and 7.2 GPa at " ¼ 31, then the grain refinement to d ¼ 100 nm (Hv ¼ 6:3 GPa) is expected to be accomplished at a strain 4:3 < " < 31.
The amount of strain to produce nanocrystalline structure was also estimated in a BD test and sliding wear test, although with less accuracy. In a ball drop test of pearlitic steel, Umemoto et al. 45) estimated " ¼ 7:3 at strain rate of around 1:3 Â 10 4 s À1 . In sliding wear test, Heilmann et al. 42) obtained nanograined layer of 3-30 nm on the top surface of Cu block. The estimated plastic shear strain at the surface was $11:4 and the strain rate was <3:7 Â 10 3 s À1 . Hughes and Hansen 40) studied the nanostructures in Cu produced by sliding. The amount of strain to reach d ¼ 100 nm is estimated from the relationship between grain size (or grain boundary spacing) and strain as 8.
Summarizing the above mentioned studies, the minimum amount of strain necessary to produce nanocrystalline structure is considered to be around 7 $ 8, although it depends on materials, microstructure, deformation techniques and deformation conditions employed.
Strain rate
High strain rate deformation may not be a necessary condition to produce NS but it probably enhance the formation due to the following several reasons: (1) increase flow stress, (2) increase work-hardening at a given strain, (3) increase dislocation multiplication rate, and (4) promote lattice rotation and increase misorientation angle.
It has been well known that flow stress of metals increase with strain rate. 46) Higher flow stresses activate a larger number of slip systems and promote grain subdivision and subgrain rotation. Greater hardening has been observed in metals strained at higher strain rates when compared at equal strain. The iron samples subjected to high-intensity shock waves of explosive origin (strain rate $10 6 s À1 ) showed much greater hardening than those deformed by rolling. 47) Thus it is expected that high strain rate deformation reduce the necessary amount of strain to produce NS. High strain rate deformation promote smaller cells or subgrains due to higher dislocation multiplication rate and hence higher dislocation density than those deformed at low strain rates. The rotation of cells or grains is induced by the deformation of different slip systems in adjacent cells or grains. Since high strain rate deformation activate more slip systems due to high flow stress, high strain rates are favorable to obtain randomly oriented fine grains with large misorientation.
As the strain rate is increased the deformation tends more and more towards an adiabatic state. The generated heat rise the temperature of sample and accelerates recovery and grain growth. In an extreme case the increase in strain rate results in the increase in grain size. 48) Thus to obtain grain refinement by high strain rate deformation, care should be taken for cooling during and post deformation so that the temperature of the specimen will not rise so much.
Other deformation factors
Other favorable conditions for the formation of NS are considered as follows; (1) low temperature deformation, (2) hydrostatic pressure, (3) repetitive or cyclic deformation, (4) multidirectional deformation, (5) impurities, alloying elements and second phase.
The suppression of recovery by preventing dislocation motion favors the formation of NS. Low deformation temperature and hydrostatic pressure slow down self-diffusion and, consequently, delay recovery kinetics. Applying a large accumulative strain by cyclic or repetitive deformation with a small strain at each time is effective to suppress recovery since specimens are cooled during each strain interval. Multidirectional deformation activates multi slip systems and increases dislocation interaction frequencies which leads to the development of fine cells. Impurities, alloying elements, precipitates and second phase disturb dislocation motion and suppress recovery.
Clear boundaries separate nanograined region
Clear boundaries which separate nanograined region from deformed structured region shown typically in Fig. 4 were commonly observed in ball milling, a ball drop test, particle impact experiment and shot peening. However, in most of the previous studies, clear boundaries have not been observed and the refinement of cells or grains by deformation has been considered to be a continuous process. The possible causes of the formation of sharply defined boundaries are; (1) impurities, (2) martensitic transformation, (3) unique deformation mode, (4) common phenomena in deformation. The effect of impurity has been discussed regarding the sharp boundaries observed in ball milled powder. 32) In ball milling contamination from balls, vials and environmental gases occurs. The powder surface with higher impurity concentration becomes NS and interior of powder with lower impurity content remains as deformed cell structure and clear boundaries appear between them. Impurities retards dislocation motion and certain elements segregate to grain boundaries, reduce grain boundary energy and promote nanocrystallization. However, clear boundaries were observed in specimens treated by a ball drop test or shot peening where contamination is hard to occur. Thus it is considered that impurity alone cannot be a reason of the clear boundaries although it might help. The second possible reason of the formation of clear boundaries is martensitic transformation. This idea is that nanograined region formed by martensitic transformation is separated with clear boundary from the deformed structured region without martensitic transformation. When specimens received large strains at high strain rates, the temperature of the specimen rise substantially. If the temperature rises above A 1 or A 3 point, the transformation to austenite phase can occurs. During unloading, the temperature of austenite area decreases rapidly and transforms to martensite. The martensitic transformation during cooling of the adiabatically deformed materials have been observed on the rail surface and called ''white etching layer''. 49) However, the nanograined regions produced in carbon steels exhibit much higher hardness than that of martensite with same carbon content. Furthermore, as observed in a ball drop test when specimens are deformed at liquid nitrogen temperature, the nanograined layer thickness become larger than that produced at room temperature. Nanograined region also forms in Fe-3%Si alloy where the bcc phase is stable up to its melting temperature. From those reasons, it is hard to accept that thermally induced fcc to bcc martensitic transformation is responsible for the observed clear boundaries. Another possible martensitic transformation is bcc to hcp transformation by hydrostatic pressure. In iron, bcc to hcp transformation takes place around 11.0-11.5 GPa at room temperature. 50) According to the Hertzian elastic contact theory, 51) when a spherical particle impact a semi-infinite specimen with the speed of 100 m/s, the maximum pressure is 15 GPa. Thus in steels pressure induced martensitic transformation from bcc to hcp can occur when a high velocity particle impact a specimen. During unloading, the hcp structure re-transform to bcc martensitically. Although martensitic transformation alone cannot produce nanocrystallization but martensitic transformation produces irreversible lattice defects and reduce the amount of strain to reach nanocrystalline state. The unique deformation mode can be another reason of clear boundaries. In ball milling, a ball drop test, particle impact deformation or shot peening, the strain is highly concentrated near specimen surface. The amount of strain and strain rate is a strong function of depth from the surface. Thus it can be considered that the clear boundary may corresponds to drastic change in the strain or strain rate. However, strain or strain rate in a material changes continuously with distance and hard to consider they change such abruptly. Furthermore various amount of strains are given at various strain rates in the processes studied but intermediate structure between nanocrystalline and dislocated cell structures has never been observed. The last proposed idea is to consider that the sharp transition from dislocated cell to nanocrystalline structure is common phenomena in deformation and this occurs irrespective of materials or mode of deformation. However, gradual change in grain size to nanometer range has been observed 40) and it is hard to accept that sharp change is a common behavior of deformed material. From the above discussion on the formation mechanisms of the clear boundaries between nanograined and dislocated cell structures, it is suggested that several reasons may contribute simultaneously. The real mechanism is still not clear and further investigations are needed.
Summary and Conclusions
In the present paper, the formation of nanograined structure by various severe plastic deformation were demonstrated. The general microstructural changes during severe deformation observed were reviewed. The conditions to produce nanograined structure were discussed. The main contents are summarized as follows.
(1) In ball milling, nanograined structure was obtained in steels irrespective of the carbon content and starting microstructure. The nanograined regions appear near the surface of powder and are separated from the interior deformed structured region with sharp boundaries. The hardness of nanograined region is extremely high and increases with carbon content from 7 to 13 GPa. The cementite (either lamellar or spherical) dissolves completely by ball milling when the nanocrystallization of ferrite matrix starts.
(2) In a ball drop test and particle impact deformation, similar nanograined structure was obtained in the surface layer after several times of impact. Deformation at liquid nitrogen temperature enhanced the formation of nanograined region. (3) In air blast shot peening, nanograined structure is produced when larger coverage (>1000%) and higher shot speed (>100 m/s) than conventional operation are applied. (4) By annealing, nanograined structured region showed substantially slow grain growth without recrystallization. (5) The microstructure change from dislocated cell to nanograined structure during severe plastic deformation occurs either gradually or discontinuously depending on a process employed. (6) To produce nanograined structure by deformation, the most important condition is to impose a large strain (larger than about 7). High strain rates, low temperature deformation, multidirectional deformation, hydrostatic pressure are considered to be favorable conditions to produce nanograined structure. (7) The mechanisms of the formation of sharply defined boundaries which separate nanograined region from dislocated cell structured region were discussed with respect to impurities, martensitic transformation and deformation mode. It was suggested several mechanisms may operate simultaneously in the formation of the clear boundaries.
